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. I ntroduction

The capability to include photonuclear physicsin MCNP and MCNPX (hence fore taken as
MCNP(X)) smulations via tabular data sampling has recently been introduced [1]. However, this new
capability islimited by the availability of the data. This memo will wak through an example problem:
how to caculate the neutron spectrum from a stedl disk irradiated by a pencil beam of eectrons. This
problem was chosen as it demonstrates a number of features and concepts in as Smple a manner as
possible. However, it does not encompass the whole of what might be done using the photonuclear
cgpability. This memorandum is written assuming the reader has dready read the memorandum on the
update to the user interface [1] and is reasonably familiar with the sandard MCNP(X) interface [2,3].

[I.  Availability of Photonuclear Data

Evduated photonuclear data files have become available from two sources. Mark Chadwick
and Phil Young of T-16 have created the LA 150 library [4] that includes complete descriptions of
particle emisson data for nuclear events from incident neutrons, protons and photons with energies up
to 150 MeV. (Seethe Nuclear Information Website page on High Energy Datafor Accelerator
Applications hitp://t2.1anl.gov/datalhehtml). The LA150 nuclear data library was created as part of the
Accderator Production of Tritium (APT) project for use in the MCNPX simulation code. The LA150
datainclude 12 photonuclear evauationsin the ENDF-6 format [5]. The 12 photonuclear evaluations
in the LA150 library have been processed into class ‘U’ ACE files [6] with the library ID “24u” and
rdeased as LA150u ACE library [7].

The second source of evaluated photonuclear datafilesisthe IAEA Coordinated Research
Project for the creation of photonuclear data for applications[8]. The CRP was begun in 1996 with the
god of producing a comprehendve library of eva uated photonuclear data for the mgor isotopes of the
gructurd, biologica, shieding, transuranic and accelerator target materids. Thefind IAEA library
contains 160 isotopic evauations in the ENDF-6 format and their supporting documentation. An ACE
library for usein MCNP(X) is forthcoming.



[Il. Example Problem

find the n spectrumfroma stee

91

A. Input Deck

Exanpl e phot onucl ear simul ation

1 11 -7.9 -11 21 -22

2 0 (11 :-21: 22) -91
9 0

11 cz 5.0

21 pz 0.0

22 pz 2.5

91 so 150.0

node e p n

sdef pos=0 0 O

sur=21 vec=0 0 1 dir=1 par=3 erg=20

Owo Fe, 19 wWo O and 1 wWo Si

el i b=0le nlib=24c pnlib=24u

Al three iron isotopes use table 26056. 24u

Al four chrom umi sotopes use table 26056. 24u

Al three silicon isotopes use table 14028. 24u

c "Steel" 8
nll pl i b=02p
26054 0.045442
26056 0.718611
26057 0.017237
24050 0.008659
24052 0.166984
24053 0.018935
24054 0.004713
14028 0.017910
14029 0. 000907
14030 0. 000602
npnll
26056 $
26056
26056
26056 $
26056
26056
26056
14028 $
14028
14028
fcl:p 1 0 O
phys:p 3 1
cut:p j 7.6142
cut:e j 7.6142
ww:e,p,n 53500
we: e, p,n 20
wwnl: e, p 0.2 0.2
wwnl: n 0.0001 0.0001
el5 0.01 0.050.10.40
1.25 1.51.75 2 2.5
f15:n 0.0 100.0 1.25 O
e22 0.01 0.050.10.40
1.25 1.5 1.75 2 2.5
f22:n 11 21 22 (11 21 22)
nps 60000000

print

. 8
.5

. 8
.5

1
456789 10 12.3858

1
456789 10 12.3858

di sk.



B. Simulation Goals

Smulaions involving the photonuclear cgpability will typicdly fal into one of two categories: (1)
Stuations where nuclear particles (i.e. neutrons, protons, etc.) are dominant and photonuclear
interactions are desired for completeness or (2) Stuations where nuclear particles are rare and
photonuclear interactions are the primary source of the particles. An example of the first Stuaionisthe
core of anuclear power reactor. In this example, neutrons are the dominant particle and photonuclear
physicsis brought about by neutrons producing high-energy photons producing photoneutrons.
Photonuclear interactions in this Stuation are rare events that probably will have only minor effects on
the overdl problem results. The lessons from the example problem described here are il applicable,
though maybe not as important.

To st the stage for the example problem (Stuation 2), consder the following. High-energy
photons can undergo photonuclear interactions to produce neutrons or other nuclear particles, eg.
protons or alpha particles. Sometimesthisis adesred feature, e.g. the use of high-energy photons
to produce neutrons for materials sudies. The Oak Ridge Electron Accderator (ORELA) isan
example of suchafacility. Other timesthisisadetriment, e.g. neutron contamination and resultant
personnel dose around eectron accelerators. An example of thisis any hospital using eectron
accelerators for radiothergpy. In ether case, arare event, i.e. photonuclear interaction, is driving the
production of the particles of interest. The focus of this example problem isto discuss the issues
associated with running smulations of this nature.

The sample input deck (given in section A) provides a Smulation where photonuclear
interactions are the primary source of neutrons. Specificaly, a mono-energetic electron beam is
perpendicularly incident on the center point of asted disk. The steel may represent an dectron target
being used for the production of neutrons or it could represent an accident scenario where misdirected
electrons interact with a sted magnet or support structure. For whichever caseimagined, it is desired to
determine the total neutron production in the stedl per incident electron and the resulting neutron flux
gpectra one meter to the side (90 degrees off-axis from the incident beam). Remember as you read this
that the input deck was contrived to illustrate a number of biasing techniques that can be employed
when using the new photonuclear physics capability rather than to be an example of how any specific
problem should be set-up.

C. Geometry

The geometry is composed of asmple sted disk. It isassumed that the remainder of the world
has no influence on the problem. In ared problem, it would probably be necessary to include the full
geometry of interest in the amulation. For example, the floor, celling and walls of aroom may act as
scatterers and affect the results of the spectrum caculation. Remember that neutrons are extremely
penetrating in nature. Shielding problems should take extra care to include any potentialy sgnificant
neutron scatterer or absorber in the area.



D. Radiation Source

Before discusson the radiation source, take amoment to think about the interaction
mechanisms. The generd shape of the photonuclear cross section is arise from threshold (at an energy
usually between 5o 12 MeV) to apeak (at an energy usualy between 12 to 23 MeV) followed by a
long tail. Thethreshold is set by the amount of energy necessary to free anucleon from the nucleus.
The pesk is from the giant dipole resonance (GDR) phenomenon and may actudly be twin pegksin
highly deformed nuclel. Thetall is due to dectro-magnetic interactions with quas- deuterons (neutror+
proton pars). Thereisdill other structure at higher energies, e.g. at 130 to 150 MeV when the pion
production channel opens. For light isotopes, there may be Structure at low energy where proton or
other light particles are able to escape because of the lower potentia barrier. Note that beryllium and
deuterium have low neutron production thresholds, 1.57 and 2.22 MeV respectively, and that the
fissonable isotopes have photo-fisson components are lower energiesaswell. It isimportant in setting
up the amulation to be knowledgeable of the interaction mechaniams.

The example source is a smple monoenergetic 20 MeV dectron beam, perpendicularly incident
on apoint a the center of the disk. Thiswas done for convenience but keep in mind that many
goplications use dectron acceeratorsin this energy range. Red smulations should attempt to mode
their physical sources more closdly. For thick (in the eectron sense) targets, photonuclear caculations
are rlatively insengtive to minor variationsin the position, Soread or angular digtribution of the electron
beam. (Thisisdueto the diffusive nature of eectron transport and you should check this assumption for
your particular problem.) However, the energy distribution can be important. The photonuclear events
a medium energy are typicdly from giant dipole resonance interactions. This resonance peak can be as
much as two orders of magnitude above the cross-section due to other interactions. Radiation sources
with energies on the dope from the photonuclear threshold up to the peak may show significant changes
from minor variaions in source distributions.

E. Material Definition

“Sted” is chosen as the materid of interest because it illustrates severd issues. (This definition
of “sted” has been amplified from an origina compaosition of 70% Fe, 18% Cr, 9% Ni, 2% Mn and
1% Si.) The main concept presented here is that Monte Carlo sampling of tabular dataisinherently
limited by the availability of the tabular deta. The question that must be answered iswhat to do when no
dataexist. For the purpose of this example, consider neutron and photonuclear transport data available
only from the LA150 library.

Users desiring to run multi- particle smulations have typicdly approached materid definitions
firg from the point-of-view of neutron collisons. Perusing the LA150N class‘c’ tables, dl four
chromium and dl three Slicon isotopes have a neutron table available. However, only three of the four
iron isotopes have a table available, *®Fe being the exception. The lack of adesired table has
traditiondly been handled in one of two methods: lump the missng fraction into the mgor isotope or
distribute the missing fraction among those isotopes with atable available. The example above
illustrates the second method. Both methods do not faithfully represent the true materid, but are
assumptions commonly made to enable such asmulation to run.



“Steel”

Total Density (g/cc) 79 I sotope Atom Percent Atom Percent Atom Fraction
(ZA) (Elementd) (Adjusted) (To Input Deck)

Iron

Weight Percent (%) 80 26054 58 582 0.045442

Partia Density (g/cc) 6.32 26056 91.72 91.98 0.718611

Atomic Weight 55.845 26057 22 221 0.017237

Atom Fraction 0.781289 26058 0.28

Chromium

Weight Percent (%) 19 24050 4,345 4.345 0.008659

Partial Density (g/cc) 1501 24052 83.789 83.789 0.166984

Atomic Weight 51.9961 24053 9.501 9.501 0.018935

Atom Fraction 0.199292 24054 2.365 2.365 0.004713

Silicon

Weight Percent (%) 1 14028 92.23 92.23 0.017910

Partial Density (g/cc) 0.079 14029 4.67 4.67 0.000907

Atomic Weight 28.0855 14030 31 31 0.000602

Atom Fraction 0.019419

In atraditiona smulation, photon (photoatomic only) and eectron tables would then be chosen
based on the eement in question. The photoatomic and eectron tables are distributed as libraries
including al dements from hydrogen (Z=1) to plutonium (Z=94); additiond tables exist for some higher
Z dlements. |sotopes listed by ZA are truncated to their base dement Z. In the example materia sted,
photoatomic class‘p’ and electron class ‘€ tables would be sdlected for eemental iron (26000),
chromium (24000) and silicon (14000).

With the addition of photonuclear physics, selection of photoatomic and el ectron tables will
occur asit dways has, by dement. However, photonuclear datais tabulated by isotope and tables are
chosen separately based on the true isotope (by ZA) requested. Since there is alimited selection of
photonuclear evauations and since neutron and photonuclear tables exist for different sets of isotopes,
the photonuclear isotope override card (MPN) was introduced in MCNP(X) to alow adifferent
isotope to be specified for photonuclear tables than that of the main materia (see [1] for usage). This
capability was added to enable the user to choose the best data available for neutron and photonucear

interactions independently.

In the definition of sted above, only the *°Fe and ?°Si isotopes have a photonuclear table
availableinthe LA150U library. Consequently, the best available representation of these two eements
isto use the one available table for al other isotopes of that same eement. Chromium preserts amore
difficult challenge because there is not a table available for any isotope of the eement. The nearest
tables are “*Ca and *°Fe. Trying to take the conservative route and overestimate the neutron
production, *°Fe is substituted for the chromium isotopes in this example problem.

Any time assumptions are made, the burden is on the user to understand the impact of their
assumptions. Here are some suggestions and congderations for choosing substitute tables. I
experimenta data exist showing production cross-sections, try to match the missing isotope to asimilar



isotope that has atable available. Remember that the photonuclear cross section is generdly larger for
higher Z. Consider whether it is more important to match secondary particle production. If a
conservative path is desired, e.g. in aneutron production and shielding caculation, chose ahigher Z
isotope for subgtitution over alower one. If there is sgnificant photon flux in the region of the
photonuclear thresholds, remember that significant changes in particle production are possible.
Remember that even- numbered isotopes may have significantly different aosorption and emission
characteristics than odd-numbered isotopes, e.g. *°Fe versus *Fe. Use good judgment and try severa
different options to determine the sengitivity introduced by the assumptions. Remember that a zero (0)
entry on the MPN card disables photonuclear production from that portion of the materid; this may be
hepful to determine sengitivity.

Asasdde note, the selection of materias will continue to get more confusing and difficult as
more physicsis added to these codes. The mixture of tabular and modular interaction sampling in
MCNPX is one example of afurther complication. It has been proposed to revamp the materia
interface to provide greater flexibility. One candidate solution isto have the base Mn card be the
default definition; i.e. the most precise definition of the material. Overrides may then be accomplished
by additiond optiona cards, e.g. Mn:pn might be the override for photonuclear interactions, Mn:n the
override for neutron tables, etc. Override cards might even redefine component/fraction settings and
might be made energy dependent to better enable mixing of tabular and modular methods. Suggestions
are actively sought on thisissue.

F. Biasing

A great many options are available to reduce the time necessary to perform smulations of this
nature. Since photonuclear events are dependent on photon collisions, forced collisons [2] can be used
to ensure collisons occur in the materid of interest. In this example problem forced collisons are used
inthe sted disk. Inalarger problem, forced collisons could be used to ensure enough collisonsin,
perhgps smdl or thin, cdls of high-Z materid that might be under sampled otherwise.

Photonuclear biasing, as described in the user interface memo [1], can aso be used to ensure
adequate sampling of photonuclear events. Analog sampling of photonuclear events would produce
nuclear secondary particles only rardly. Biased sampling (set by the fourth entry on the PHY S.p card)
reduces this burden by sampling a photonuclear event a every photon collison and producing particles
of appropriately reduced weight. Note that biased photonuclear collisons are turned on in the example
problem.

The primary information of interest is the neutron production and spectrum. Electrons and
photons below the lowest photonuclear threshold do not contribute to these results. (If electron or
photon information is dso desired, the mogt efficient method will probably be to run separate smulations
optimized for the information desired.) The cut card can be used to stop eectron and photon transport
below the lowest threshold energy. This can provide Sgnificant timesavings. Time-intensive, low-
energy electron trangport isignored while sill using the detailed eectron physics necessary to provide
accurate bremssirahlung production. The savings for ignoring low-energy photon trangport is not much
but is done for the sake of symmetry between electron and photon trangport. The energy cutoff for
transport of eectrons and photons in the example problem is 7.6142 MeV corresponding to the
photonuclear threshold for *°Fe. (Note that this number corresponds to the first energy point in the main



grid, an easy number to look up. If you realy want to get fancy, you might use 11.2 MeV
corresponding to the threshold for neutron production.)

Weight windows can be used as a biasing method to produce more particles of interest and
control populations of particles of lessinterest. The photonuclear particle production agorithm will
attempt to produce the maximum number of particles, sampled independently, according to the current
weight window boundary. In the example above, the very low neutron weight boundaries will force
more photoneutrons to be sampled at lower weight. The higher photon weight boundary will force
fewer photophotons to be sampled but with weights in the same range as other photons. Energy
dependent weight windows can extend thisto preferentialy sample energy ranges of interest.

The biasing methods discussed above are the only ones currently recommended for usein
photonuclear smulations. While other methods will work, those discussed above have been optimized
to produce the best results.

G. Running the Simulation

Thissmulation shows avery smple set-up. Expect to spend a significant amount of time
preparing ared deck. Brief, lessthan five minute, runs can be checked to ensure that everything is
working as expected and may aso help to optimize variance reduction techniques or binning for the
tdlies. This Smulation was run out to 60 million starting particles and used 1017 CPU minutes (~17
hours) on a Sun Ultral0. Thisleve of detail was doneto get good Stetistics on the energy spectrum of
the neutrons and is probably excessive for anormd problem. Still, it shows how quickly alarge number
of particles can be run when low-energy dectron transport is not included.

H. Interpreting Output

The result of this smulation is a sandard MCNP(X) output file with the information as
requested; in this case afull print of al tables and the tallies requested. (Note that MCNP and
MCNPX give dightly different answers. MCNPAC uses a newer eectron trangport package than
MCNPX. Output shown below isfrom MCNPX 2.2.2.) Of particular interest here are Print Table
100, showing the cross section tables loaded; the problem summary tables; Print Table 130, showing
the weight balance by particle by cdl; Print Table 140, showing the photonuclear activity by nuclide by
cdl; and, thetaly output. Each of these outputsis discussed below.

The materia definition cards are the users requests for cross-section data. Input requests can
be either exact requests that should retrieve specific tables or fuzzy matches that find an appropriate
table. Print Table 100 shows exactly which tables were loaded for the specific output given. When
reporting your results, it is very important to reference what data set you used. Table 1 showsthe
cross-section tables used for this example problem.  Note that warnings were issued during the reading
of the input deck for those photonuclear isotopes that did not match the corresponding material isotope.

The problem summary is printed in every output deck. It presents overdl averages about the
cregtion and loss of the particles transported in the smulation (see Table 2 for the neutron summary,
Table 3 for the photon summary and Table 4 for the dectron summary). In addition to the previoudy
available output, new entries describe the photonuclear contributions.



Table 2 shows that gpproximately two neutrons are created for every 10,000 electron source
particles. Givena25 mA current (1.56E14 e ectrons/second), a 0.82 Ci (3.1E10 neutrons/second)
neutron source strength isimplied. The neutrons will have a digtribution of energies but the average
energy can be found by dividing the weighted energy created (3.4161E-4 MeV) by the totd weight
produced (1.9524E-4) for photoneutrons to obtain 1.75 MeV. The average neutron emisson energy
for dl reactionsis shown later in Print Table 140 and agrees with thisvdue. The tranamission of
neutrons out of the stedl disk can be determined by dividing the weight that escapes (1.9391E-4) by the
weight produced (1.9524E-4) to obtain the result that 99.3% of the neutrons escape the stedl disk.
Normally these values would be obtained from the weight baance by cdl (Print Table 130) to
determine the quantities for the cdll of interest; however, the example problem has only one cdl and the
number from the summary isidenticaly that of the cell.

Table 3 provides severd interesting pieces of information. The average number of neutrons
produced per photonuclear absorption can be determined by dividing the weight of photoneutrons
created (1.9524E-4) by the weight of photons lost to photonuclear absorption (2.5305E-4) to obtain
0.77 neutrons per absorption. The average number of photophotons produced, 1.06, and their average
energy, 2.14 MeV, can be found in amanner smilar to that shown for neutrons. The average energy of
photons born from bremsstrahlung is 10.7 MeV. The average photon energy lost to photonuclear
absorption can be determined by dividing the weighted energy (3.6293E-3) by the weight lost
(2.5305E-4) to obtain 14.3 MeV. As expected, this number lays within the GDR region despite the
greater number of lower energy photons.

Note that MCNP and MCNPX use dightly different methods in accounting for particles
produced below their energy cutoff. MCNPX notes that a particle was born below its energy cutoff by
accounting for its production, accounting for its loss due to the energy cutoff and discarding the particle.
MCNP discards particles born below without noting them in the summaries.

Table 4, the eectron summary table, shows that 60 million source particles were smulated.
(Note that no new informetion isin the eectron summary. Electro-nuclear interaction data il is not
included. However, anceit istwo orders of magnitude less likely than photonucleer interaction, thisis
probably not asignificant issue) Print Table 130 (not shown here; see an examplein [1]) provides
information smilar to the problem summary except by cell. Thisinformation is of greater use when
smulaing multi-cell geometries.

Table 5 shows the photonuclear activity by nuclide, by cdl. Obvioudy, the “by cdl” portion of
this information would be more ussful in amore complicated geometry. Even though there are only two
tables used for collisonsin the cell, each materid fraction has been maintained and is listed along with
the average event information. Given other information, such as multiple runsusing different
substitute tables, this may be helpful in deter mining the influence/sensitivity of a certain
isotope. Theweight production by isotope by cell may aso be useful for locating the largest neutron
source term. The average emission energy is aso available.

Figure 1 shows aplot of the normdized flux a the point of interest (one meter off-axis), through
the three surfaces and averaged over the entire surface. The plot has been normalized such thet the
peak flux isunity. Severd things stand out. Firgt, the curves show too distinct peaks, one just below 1
MeV and one just above. These correspond to the average emission energy for sllicon and iron, 0.82



and 1.75 MeV respectively. Next note the high-energy tall; neutrons are born with energiesup to 9
MeV (source energy — neutron production threshold). The last item of note is the influence of geometry.
Thereisadggnificantly higher low-energy flux through the front and back faces of the disk. Remember
that the electron beam isincident on the center of the disk and that photon production is highly forward
peaked. Thus, most of the neutrons are born along the centerline of the disk and those downscattered
will more easlly escape through the front or back face. The radia thickness of the disk shields the off-
axisarea. It cannot be siressed enough that accurate smulations will require accurate modeling.

With the end goa now reached, any of severa possible uses could be made of the information.
The spectrum might be compared to a measurement made at the point of interest. The spectrum may
be folded with a damage curve or aflux-to-dose conversion factor to look at damage or dose
information (note that this would be better done with a flux multiplier within the calculation). Remember
that the areaaround the disk, e.g. the concrete walls/floor of aroom, might greetly ater the spectrum
due to scatter.

IV. Conclusions

This example has shown a number of new features and their use within MCNP(X). Most
noteworthy are (1) how to make use of the MPN card to select both the best neutron and the best
photonuclear cross-section tables available; (2) how to make use of forced photonuclear collisonsto
produce particles of interest; (3) how to use weight windows to keep the different particle populationsin
appropriate weight regions to prevent spurious taly hits; (4) how to use the e ectron/photon energy
cutoffs to avoid unnecessary time spent tracking time-expensive low-energy eectron transport; and (5)
what new information is available in the output for understanding the photonuclear processesin the
amulation.
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Table 1. Isotope mismatch warnings and photonuclear table information.
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Table 2. Neutron creation and loss table from the problem summary.

neut ron creation tracks wei ght ener gy neutron | oss tracks
(per source particle)
source 0 0. 0. escape 21128109
nucl . interaction 0 0. 0. energy cutoff 0
particle decay 0 0. 0. tinme cutoff 0
wei ght w ndow 8126674 1. 7594E- 07 2.1618E 11 wei ght wi ndow 194054
cell inportance 0 0. 0. cell inmportance 0
wei ght cutoff 0 0. 0. wei ght cutoff 0
energy inportance 0 0. 0. energy inportance 0
dxtran 0 0. 0. dxtran 0
forced collisions 0 0. 0. forced collisions 0
exp. transform 0 0. 0. exp. transform 0
upscattering 0 0. 1. 5118E 15 downscattering 0
capture 0
(n, xn) 0 0. 0 l oss to (n, xn) 0
fission 0 0. 0 loss to fission 0
nucl . interaction 0
tabul ar boundary 0 0. 0. tabul ar boundary 0
(ganma, xn) 13195489 1. 9524E- 04 3.4161E 04
t ot al 21322163 1. 9542E-04 3.4161E 04 t ot al 21322163
nunber of neutrons banked 17952506 average tine of (shakes)
neutron tracks per source particle 3.5537E-01 escape 3. 1195E+02
neutron collisions per source particle 3.1672E-01 capture 2. 3610E+03
total neutron collisions 19003377 capture or escape 3.2592E+02
net multiplication 0. 0000E+00 0. 0000 any termnation 3. 2896E+02
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Table 3. Photon creation and loss table from the problem summary.

photon creation tracks wei ght ener gy
(per source particle)

source 0 0 0.

nucl. interaction 0 0

particle decay 0 0. 0.

wei ght w ndow 0 3. 0807E- 04 9. 3096E- 04

cell inportance 0 0 0

wei ght cutoff 0 0 0

energy inportance 0 0 0

dxtran 0 0. 0

forced collisions 8695526 0. 0.

exp. transform 0 0. 0.

from neutrons 867 5. 4201E- 07 4. 3992E- 06

brensstrahl ung 7944494 1. 3218E-01 1. 4169E+00

p-anni hil ation 0 0 0

el ectron x-rays 0 0 0

1st fluorescence 0 0 0

2nd fl uorescence 0 0. 0.

( gamma, xganmg) 1575881 2. 6739E- 04 5. 7138E- 04

t ot al 18216768 1. 3276E-01 1. 4185E+00

nunmber of photons banked 16959857
photon tracks per source particle 3.0361E-01
photon col i sions per source particle 1.4493E-01
total photon collisions 8695526

photon | oss tracks
escape 8695526
energy cutoff 4689862
time cutoff 0
wei ght wi ndow 313845
cell inportance 0
wei ght cutoff 0
energy inportance 0
dxtran 0
forced col lisions 0
exp. transform 0
conpton scatter 0

capture 3036
pair production 4514499

|l oss to pn. abs. 0
t ot al 18216768
average tinme of (shakes)
escape 5.1101E 01
capture 5. 7579E 03

capture or escape 5.0920E01
any term nation 3. 0200E 01

WNOOOO0O00OWONN

wei ght

ener gy

(per source particle)

. 6067E 02
. 5214E 02

. 0878E- 04

. 0449E- 05
. 0895E-02

. 5305E- 04
.3276E 01

cutoffs
tco
eco
wel
we 2

8

1123E-01

6. 0775E- 02

= W

wNrOOOOOO®O

. 3206E- 04

. 9872E-01
. 0823E- 04

. 4295E-01

. 6293E- 03
. 4185E+00

1. OOO0E+34
7.6142E+00
- 5. 0000E-01
- 2. 5000E-01
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Table 4. Electron creation and loss table from the problem summary.

el ectron creation tracks wei ght ener gy el ectron | oss tracks wei ght ener gy
(per source particle) (per source particle)
source 60000000 1. 0000E+00 2. 0000E+01 escape 258912 2.5921E 03 2. 8116E-02
nucl . interaction 0 0. energy cutoff 63502269 1. 0280E+00 7.1276E+00
particle decay 0 0. 0. time cutoff 0 0. 0.
wei ght w ndow 0 1. 2252E-04 1.1164E 03 wei ght wi ndow 90770 1. 2400E- 04 1. 1292E- 03
cell inmportance 0 0. 0 cell inportance 0 0. 0.
wei ght cutoff 0 0. 0 wei ght cutoff 0 0. 0.
energy inportance 0 0. 0. energy inportance 0 0. 0.
pai r production 1630025 1.1708E-02 1. 1451E 01 scattering 0 0. 8. 5987E+00
conpton recoil 1857610 1. 2825E-02 1. 2889E 01 br ensstrahl ung 0 0. 4. 5408E+00
photo- el ectric 3035 2. 0449E- 05 2. 0819E- 04
phot on auger 0 0. 0
el ectron auger 0 0. 0.
knock- on 361281 6. 0209E- 03 5. 1643E 02 i nteract or decay 0 0. 0.
t ot al 63851951 1. 0307E+00 2. 0296E+01 t ot al 63851951 1. 0307E+00 2. 0296E+01
nunber of el ectrons banked 3851951 cutoffs
el ectron tracks per source particle 1. 0642E+00 tco 1. 0000E+34

el ectron sub-steps per source particle 7.1824E+01

total electron sub-steps

4309423656

eco 7.6142E+00
wel 0. 0000E+00
we2 0. 0000E+00
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Table 5. Photonuclear activity of each nuclide in each cell (Print Table 140).

1phot onucl ear activity of each nuclide in each cell

cell cell nucl
index nane

1 1 26056
26056.
26056.
26056.
26056.
26056.
26056.
14028.
14028.
14028.

total

total over all cel

14028
26056

des

24u
24u
24u
24u
24u
24u
24u
24u
24u
24u

atom

fraction

OORARPPRORNA

. 54E- 02
.19E-01
. 72E- 02
. 66E- 03

67E- 01
89E- 02
71E- 03

. 7T9E- 02
. 07E- 04
. 02E- 04

s by nuclide

24u
24u

total collisions

col l'i sions * wei ght
401305 1. 1665E 05
6356408 1.8480E 04
152580 4. 4342E 06
76600 2. 2206E 06
1477979 4. 2894E 05
167816 4. 9059E 06
41857 1. 2140E 06
19347 8.5226E 07
970 3.8671E 08
664 2.9684E 08
8695526 2. 5305E 04

total collisions
col lisions * wei ght

20981 9. 2062E 07
8674545 2.5213E 04

tot p
pr oduced

72799
1152601
27855
13790
267807
30494
7587
2701
166

81

1575881
tot p
pr oduced

2948
1572933

per source particle

PWhrRRPOBRANBDRPRF o

N

wgt . of
pr oduced

. 2265E-05
. 9586E- 04
. 6885E- 06
. 3319E-06
. 5239E-05
. 2321E-06
. 2845E-06
. 4563E-07
. 1234E-08
. 3691E-08

. 6739E- 04

wgt . of
produced

. 9055E-07
. 6690E- 04

WNWNhNDNDNNNDDN

N

avg p
ener gy

. 1400E+00
. 1320E+00
. 1461E+00
. 1822E+00
. 1342E+00
. 1613E+00
. 1321E+00
. 7T080E+00
. 9465E+00
. 6841E+00

. 1368E+00

avg p
ener gy

. 6589E+00
. 1340E+00

tot n
produced

608753
9670346
231974
116270
2247426
256684
63011
970

45

10

13195489
tot n
pr oduced

1025
13194464

]

[N

[ENIN

ANAOWWRWER©O

wgt . of
produced

. 0220E-06
. 4309E- 04
. 4305E-06

7152E-06
3195E- 05

. 8107E-06
. 3325E- 07
. 4273E-08
. 0483E- 09
. 5596E-10

. 9524E-04

wgt . of
produced

. 6777E-08
. 9520E- 04

print table 140

VOORRRRERRERE

[N

avg n
ener gy

. 7529E+00
. T495E+00
. T475E+00
. 7562E+00
. T498E+00
. 7554E+00
. 7529E+00
. 3288E- 01
. 0427E- 01
. 4949E- 01

. T496E+00

avg n
ener gy

. 2303E- 01
. T499E+00

qT
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Figure 1. Normalized neutron flux at the surfaces and at a point of interest near the steel disk.
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